Acholeplasma laidlawii possesses a biochemical pathway for tyrosine and phenylalanine biosynthesis, while Mycoplasma iowae and Mycoplasma gallinarum do not. The detection of 7-phospho-2-dehydro-3-deoxy-~-arabino-heptonate (DAHP) synthase (EC 4.1 .2.15), dehydroshikimate reductase (EC 1 . 1 . 1 .25) and 3-enol-pyruvoylshikimate-5-phosphate synthase (EC 2.5
INTRODUCTION
Mycoplasma is the common name for cell-wall-less prokaryotes (class Mollicutes). The size of the mycoplasma genome approaches what is considered to be the minimal coding capacity for cell function (Razin, 1985) . While significant advances have been made in mycoplasma taxonomy and membrane research, progress in the study of mycoplasma metabolism has been slow, owing primarily to the complex growth requirements of these organisms (Razin, 1985) . The best-studied biochemical pathways in mycoplasmas are catabolic pathways of energy production (Pollack et al., 1983) and lipid biosynthesis (Smith, 1971) . Little is known about the ability of mycoplasmas to synthesize amino acids.
Several groups have reported that mycoplasmas appear to possess an intact pathway for the biosynthesis of aromatic amino acids (Rodwell & Mitchell, 1979; Smith, 1971) , based upon the use of Acholeplusmu luidluwii, the least fastidious mycoplasma species. Thus, A. luidluwii did not require L-phenylalanine and L-tyrosine for growth (provided that L-alanine was supplied), and 14C-labelled shikimic acid was incorporated into protein. Mycoplusma mycoides strain Y, for which completely defined media are available, requires both L-phenylalanine and L-tyrosine (Rodwell & Mitchell, 1979) .
We addressed the following questions.
(1) Would direct enzymological analysis verify the presence of an intact aromatic amino acid biosynthetic pathway in mycoplasmas? (2) Does the curious finding that L-alanine relieves the growth requirement for L-phenylalanine and Ltyrosine in A. luidlawii indicate some kind of role for L-alanine in the regulation of Lphenylalanine and L-tyrosine synthesis? (3) What enzymological features of aromatic amino acid biosynthesis in mycoplasmas are shared with the phylogenetically-near Gram-positive eubacteria (Razin, 1985) ? The latter question arises from the contention (Jensen, 1985) that the evglution of biochemical pathways in prokaryotes can be traced backward provided that a suitable phylogenetic tree is available to guide the selection of organisms for study. Current dogma indicates that the mycoplasmas arose as an evolutionary branch of the low G + C Grampositive eubacterial (Bucillus-Lactobucillus-Clostridium-Streptococcus) line of descent, based on oligonucleotide cataloguing of 16s rRNA (Fox et ul., 1980; Woese et ul., 1980), 5s rRNA sequencing (Rogers et ul., 1989 , and comparative enzyme-immunological studies (Neimark & London, 1982) .
METHODS
Strains and growth conditions. Mycoplasmu wwae and Mycoplusma gallinarum were type strains from the collection of Julius Fabricant (Cornell University, Ithaca, NY, USA). Two colonial variants of Acholeplusma luidlawii JA1 (Jcct and Jgct) used in this study were described by Liss & Ritter (1985) . A. luidlawii cultures were grown in tryptose liquid medium supplemented with 1% (v/v) PPLO serum fraction (Difco) (Maniloff, 1969) . Solid medium was prepared by adding 10 g Bacto agar (Difco) to the Part 1 recipe component (Maniloff, 1969) prior to autoclaving. Medium used to propagate the two Mycoplusma species was as specified above, but supplemented with 10% (v/v) heat-inactivated donor horse serum (KC Biologicals). All cultures were incubated at 35 "C in air without shaking. Cells collected by centrifugation from liquid medium were pooled and suspended in 5-10 ml medium to obtain a sufficient cell mass for extract preparation and were either used immediately or stored at -80 "C.
Preparation ofextructs. Crude cell-free extracts were prepared either by sonication or by pH/osmotic-shock lysis of thawed cell suspensions. Extracts used for all assays [except 7-phospho-2dehydro-3-deoxy-~-urabino-heptonate (DAHP) synthase and prephenate dehydratase] were prepared by centrifuging 5-10 ml cell suspension and resuspending the cell pellet in 5 ml ice-cold 50 mM-Tris/HCl (pH 7.5) containing 1.0 mwdithiothreitol (DTT) and 1.0 mM EDTA (buffer A). Sonication was carried out at 4 "C using a Lab-line Ultratip sonication system and applying one 15 s burst of energy at an intensity of 100-1 10 mV. Cell debris was removed by ultracentrifugation at 15OOOO g for 1 h at 4 "C. The resulting supernatant was used directly for enzyme assays. For prephenate dehydratase assays, extracts were prepared by mixing 6.0 ml thawed cell suspension with 2.5 ml20 mM-Tris/HCl containing 1.0 mM-DTT and 1.0 mM-EDTA at pH 7.5, followed by sonication and ultracentrifugation as described above. The resulting supernatant was desalted by passage through a prepacked Sephadex G-25 column, using buffer A as the equilibration and elution buffer. The final desalted extract (about 12 ml) was then concentrated to 5.5 ml by ultraliltration (PM-10 membrane, Amicon) before use. Extracts used for DAHP synthase assays were prepared by pH/osmotic-shock lysis. A 6 ml volume of thawed cell suspension was mixed with 3 ml 20 mMpotassium phosphate buffer pH 6.5, containing 1.0 mM DTT, and held at 25 "C for 20 min. Cell debris was removed by ultracentrifugation (as above), and the resulting supernatant was desalted using prepacked Sephadex G-25 columns. The equilibration and elution buffer was 50 mM-potaSSiUm phosphate pH 7.0, containing 1.0 mM-DTT (buffer B).
Enzyme assays. Appropriate controls were included in all assays to account for possible interference by reaction mixture components, and care was taken to ensure that reaction velocities were linear with respect to the variables of protein concentration and elapsed reaction time. The PPLO serum fraction used for growth was screened for enzymic activities to confirm that any activities detected did not originate from the serum fraction. All reactions were run at 37 "C, and the standard time was 20 min (except for the continuous arogenate dehydrogenase and prephenate dehydrogenase assays). DAHP synthase (EC 4.1 .2.15) .was assayed using the method of Srinivasan & Sprinson (1959) as modified by Jensen & Nester (1966) . Standard reaction mixtures contained buffer B, 1.0 mM-Derythrose 4-phosphate (E4P), 1.0 mM-phosphoenolpyruvate (PEP), and enzyme in a final volume of 0.2 ml. Dehydroshikimate reductase (EC 1 . 1 . 1 .25) was assayed in the reverse direction (as shikimate dehydrogenase activity) by following the continuous formation of NADPH resulting from the NADP+-dependent oxidation of shikimate to dehydroshikimate. Reaction mixtures (0.2 ml) contained buffer A, 0.5 mM-NADP+, 1.0 mM-shikimic acid, and enzyme. Cofactor reduction was monitored using an Aminco-Bowman spectrophotofluorometer (excitation at 340 nm, emission at 460 nm). Activity was quantified by relating fluorescence to a standard curve constructed using authentic NADPH. 3-enol-pyruvoylshikimate-5-phosphate (EPSP) synthase (EC 2.5.1 .19) was assayed as described by Rubin et al. (1984) . Reaction mixtures (0.2 ml) contained buffer A, 3.0 mwshikimate 3-phosphate, 3.0 mM-PEP, 2.0 m~-N a M o 0~. 2H20, and enzyme. Chorismate mutase (EC 5.4.99.5) and prephenate dehydratase (EC 4.2.1 . 5 1) were assayed as outlined by Patel et al. (1977) . Standard reaction mixtures for both assays contained buffer A, a 1.0 mM final concentration of the appropriate substrate, and enzyme in a final volume of 0.2 ml. Arogenate dehydratase was assayed using the high performance liquid chromatography (HPLC) method described by Zamir et al. (1985) . Buffer B was used for arogenate dehydratase assays to minimize interference in the detection of o-phthalaldehyde (OPA) derivatives by Tris/HCl. Reaction mixtures contained buffer B, 1.7 mM-Larogenate, and enzyme in a final volume of 0.2 ml, and reactions were allowed to proceed for 60 min prior to OPA derivatization and HPLC analysis. Prephenate dehydrogenase (EC 1 .3.1.12) and arogenate dehydrogenase assays were carried out as described by Patel et al. (1977) . Standard reaction mixtures (0.2 ml) contained buffer A, a 1.0 mM final concentration of substrate, 0.5 mM NAD+ or NADP+, and enzyme. Protein concentrations were measured according to the method of Bradford (1976), using bovine serum albumin as the reference protein.
Enzyme data obtained showing inhibition or activation should be treated as indicative rather than definitive, since crude, unfractionated extract preparations were used. However, appropriate controls to confirm directly the formation of product were carried out (e.g. HPLC measurement of phenylpyruvate otherwise estimated as absorbance at 320 nm in the prephenate dehydratase reaction).
Materials. Unless indicated otherwise, all biochemicals and commercially-prepared enzymes were obtained from Sigma. L-Arogenate was prepared according to Zamir et al. (1983) . Barium prephenate was isolated from culture supernatants of a tyrosine auxotroph of Salmonella typhimurium (Dayan & Sprinson, 1970) , and was converted to the potassium salt with excess K,SO, prior to use. Chorismate, isolated from the accumulation medium of the triple auxotroph of Klebsiella pneumoniae 62-1, was purified as the free acid (Gibson, 1970) . Shikimate 3-phosphate was prepared according to Knowles & Sprinson (1970) , except that it was converted to a tetramethylammonium salt. Analytical-grade glyphosate [N-(phosphonomethyl)glycine], used as an inhibitor of EPSP synthase, was a gift from Monsanto Chemical Co. Protein assay reagent was obtained from Bio-Rad and prepacked Sephadex G-25 columns (PD10) from Pharmacia. All other chemicals were purchased from commercial sources and were standard reagent-grade.
R E S U L T S
Activities of aromatic-pathway enzymes in A . laidlawii Table 1 shows the specific activities of key enzymes of aromatic amino acid biosynthesis in A . fuidfuwii variant Jgct. Similar results were obtained for variant Jcct. DAHP synthase activity was not found in initial experiments (Table l) , but it was successfully assayed in extracts prepared by pH/osmotic-shock lysis (see Table 2 ). Two other enzymes contained within the common trunk of the aromatic amino acid pathway, dehydroshikimate reductase and EPSP synthase, were also found (Table I) . EPSP synthase has been studied intensively because of its sensitivity to the broad-spectrum herbicide glyphosate (Steinriicken & Amrhein, 1980) . (All EPSP synthases studied to date are naturally sensitive to glyphosate, and we found that the A. luidluwii enzyme is no exception.) Under standard assay conditions, EPSP synthase activities from A. laidlawii strains Jcct and Jgct were inhibited 50% and 48%, respectively, by 2.0 mMglyphosate (data not shown). Chrorismate mutase was readily detected.
Prephenate dehydratase, but not arogenate dehydratase, was found, indicating that phenylalanine synthesis occurs solely via the phenylpyruvate route (i.e. through the actions of prephenate dehydratase and phenylpyruvate aminotransferase). A. laidfuwii possessed prephenate dehydrogenase activity, which exhibited a preference for NAD+ as coenzyme substrate, although NADP+ was also accepted. The enzyme is probably a cyclohexadienyl-type of dehydrogenase that is able to recognize L-arogenate as an alternative, less-preferred substrate. Judging from the ratio of prephenate dehydrogenase activities with NAD+ and NADP+, activity with the arogenate : NADP combination would be below the detection level.
A . B E R R Y A N D O T H E R S
No activities of aromatic-pathway enzymes were detected in crude extracts prepared from M. iowae and M . gallinarum, regardless of whether the cells were disrupted by sonication or by pH/osmotic-shock lysis (data not shown).
Allosteric control of aromatic biosynthesis in A . laidlawii DAHP synthase. DAHP synthase enzymes in nature are known to be feedback inhibited by aromatic amino acids or by the midpathway intermediates, chorismate or prephenate. Table 2 shows the results of DAHP synthase assays carried out at saturating substrate concentrations in the presence of potential allosteric metabolites. L-Tyrosine at 0.1 mM produced 42% inhibition. Although the enzyme was reasonably sensitive, the extent of inhibition was incomplete and 0.5 mM-L-tyrosine was no more effective than 0.1 mM-L-tyrosine (Fig. 1) . Furthermore, the degree of L-tyrosine inhibition of DAHP synthase did not increase when the concentrations of substrates (E4P and PEP) were reduced from 1.0 mM to 0.5 mM each (data not shown). The residual, uninhibited activity could prove to be due to the presence of a second allosterically insensitive isoenzyme similar to the DS-0 isoenzyme in Superfamily B of the purple bacteria (Ahmad et al., 1986) . Aromatic amino acids were tested in combination to detect possible synergistic effects, but none was found. The exact pattern of allosteric effects upon DAHP synthase (inhibition by L-tyrosine, activation by L-tryptophan) has no precedent within the literature (which documents considerable diversity for patterns of allosteric control for DAHP synthase). Chorismate and prephenate were not inhibitory. L-Alanine had no effect on the (Table 3) was taken as the reference activity for calculation of percentage activation values. Assays were performed using the standard reaction mixture described in Methods.
DAHP synthase activity (data not shown). In contrast to DAHP synthases from many Gramnegative bacteria (Jensen, 1985) , the activity from A . laidlawii was not stimulated by divalent cations (Mg2+, Co2+, Mn2+). Neither monovalent cations (K+, Na+), nor anions (Cl-, SO;-, PO:-) affected the activity. DAHP synthase activity was, however, slightly activated by NH,+ :
the maximum level of activation observed was 17% at a final NH4Cl concentration of 25 mM (data not shown).
Chorisrnate mutase. Chorismate mutase from A . laidlawii strains Jcct and Jgct was not subject to allosteric control by any of the aromatic amino acids or by L-arogenate. It was, however, product-inhibited by prephenate (approximately 30% inhibition by 0.5 mwprephenate, using the standard assay conditions).
Prephenate dehydratase. Table 3 shows the effect upon prephenate dehydratase from A . laidlawii strain Jcct, of aromatic endproducts and of non-aromatic metabolites known to affect prephenate dehydratase in B . subtilis (Rebello & Jensen, 1970) . L-Phenylalanine was a potent feedback inhibitor of prephenate dehydratase (Fig. 1) . Under standard assay conditions 12 PM-L-phenylalanine produced 50% inhibition. Both L-tyrosine and L-tryptophan stimulated prephenate dehydratase activity, and appeared to antagonize the inhibitory effect of Lphenylalanine (data not shown). The non-aromatic hydrophobic amino acids, L-valine and Lisoleucine, stimulated prephenate dehydratase activity, while L-leucine had no effect. LMethionine activated prephenate dehydratase the most (Table 3) , 62% activation being reached at a final L-methionine concentration of 1.0 mM (Fig. 2) .
Prephenate dehydrogenase and arogenate dehydrogenase. Activities of the tyrosine biosynthetic dehydrogenases from both A. laidlawii variants were tested for feedback inhibition by L-tyrosine when either NAD+ or NADP+ was used as a coenzyme substrate. Prephenate dehydrogenase was strongly inhibited (85%) by 0.5 mM-L-tyrosine under standard assay conditions when NAD+ t Percentage inhibition or activation (denoted by +) was determined by comparing activities observed in the presence of effectors with controls run in the absence of effectors. Specific activity of uninhibited control = 3.3 nmol min-' (mg protein)-'. Assays were conducted using the standard reaction mixtures described in Methods.
was used. When NADP+ was used, the degree of inhibition of prephenate dehydrogenase by Ltyrosine was significantly less (20%). The NAD+-linked arogenate dehydrogenase activity was completely inhibited by 0.5 mM-L-tyrosine.
DISCUSSION
Routes and regulation of aromatic amino acid biosynthesis in mycoplasmas A. laidlawii possesses all of the metabolic machinery necessary to synthesize L-phenylalanine and L-tyrosine from the initial precursors, E4P and PEP. The allosteric properties of aromaticpathway enzymes in A . laidlawii are consistent with the maintenance of balanced intracellular levels of aromatic endproducts. Both the tyrosine and phenylalanine branches are tightly controlled by feedback inhibition in A . laidlawii. L-Tyrosine is the sole inhibitor of the earlypathway step (DAHP synthase) and can potentially enhance L-phenylalanine synthesis through direct activation of prephenate dehydratase (in addition to increasing the level of prephenate available to prephenate dehydratase following potent feedback inhibition of prephenate dehydrogenase).
The allosteric control of prephenate dehydratase by remote effectors (i.e. effectors not formed by the aromatic amino acid pathway) has been described before in a number of Grampositive prokaryotes. This phenomenon of extra-pathway regulation, termed metabolic interlock (Jensen, 1969) , has been extensively studied in Bacillus subtilis, where prephenate dehydratase is subject to allosteric control by remote effectors (Rebello & Jensen, 1970) . It was postulated (Pierson & Jensen, 1974 ) that in B. subtilis, the regulation of prephenate dehydratase by remote effectors was a mechanism for balancing the levels of hydrophobic amino acids within the intracellular pool in order to optimize the process of protein synthesis.
It was additionally shown that the positive and negative allosteric effectors of prephenate dehydratase in B. subtilis modulate the enzyme activity by mediating interconversions between active and inactive molecular-mass forms (Pierson & Jensen, 1974; Riepl & Glover, 1979) . It is not known at present whether the A . laidlawii prephenate dehydratase undergoes similar molecular-mass transitions in response to allosteric effectors. However, given the phylogenetic proximity of the mycoplasmas and Bacillus (discussed below), this possibility seems likely.
SigniJicance of aromatic amino acid biosynthesis in mycoplasmas
The size of the Acholeplasma genome (about 1000 MDa) is roughly twice that of the smallest mycoplasma genomes (Razin, 1985) . In view of the proposal (Razin, 1985) that mycoplasma evolution is moving in the direction of genome reduction, it is suggestive that none of the enzyme activities of the aromatic biosynthetic pathway assayed was detected in M . iowae and M . gallinarum, both small-genome mycoplasmas : this presumably reflects the loss of a portion of the original ancestral mycoplasma genome.
Metabolic relationship bet ween L-alanine and aromatic amino acids
A biochemical explanation for the observation that nutritional independence for aromatic amino acids depends upon the presence of L-alanine in A. laidlawii (Rodwell & Mitchell, 1979) has not yet been made. L-Alanine did not activate any of the aromatic-pathway enzymes examined. Although our analysis has not been exhaustive, most key pathway enzymes that might be suspected as targets of inhibition (e.g. prephenate dehydratase) were studied. Perhaps L-alanine (through pyruvate) allows generation of sufficient PEP for aromatic amino acid biosynthesis. Another possibility is a phenomenon of metabolite toxicity, e.g. perhaps some intermediate(s) of aromatic biosynthesis inhibit(s) L-alanine biosynthesis. Such metabolite toxicities are not uncommon (Conrad et al., 1976) .
Bioc hemical-pa th way evolution and the my coplasma genealogy Jensen (1985) showed that the evolution of the aromatic amino acid pathway in prokaryotes traced backward, by systematically comparing enzymic construction and allosteric control patterns in organisms that have been ordered on a well-defined phylogenetic tree established by modern sequencing techniques (Fox et al., 1980; Stackebrandt & Woese, 1981) . The mycoplasmas are part of a well-defined phylogenetic cluster that comprises one of the major sublines of the low G + C Gram-positive eubacterial lineage, one which contains the contemporary Bacillus genus. Prephenate dehydratase from B. subtilis is feedback-inhibited by L-phenylalanine. Remote effectors are L-tryptophan (inhibitor) and L-methionine, L-leucine and prephenate (activator molecules) (Jensen, 1969; Pierson & Jensen, 1974; Rebello & Jensen, 1970; Riepl & Glover, 1979) . In the light of the phylogenetic proximity of the mycoplasmas and Bacillus, it is striking that prephenate dehydratase from A. laidlawii exhibits allosteric activation by remote effectors such as L-methionine. Since the mycoplasmas branched off from the Grampositive eubacterial lineage at a deep phylogenetic position, it follows that the regulation of prephenate dehydratase by remote effectors was probably a characteristic of an ancestral forerunner of the entire Gram-positive lineage. This possibility is strengthened further by the knowledge that the Gram-positive coryneform bacteria represent yet another major assemblage that also possesses prephenate dehydratase molecules subject to activation by hydrophobic remote effectors (Fazel & Jensen, 1980) . While the regulation of prephenate dehydratase by remote effectors appears to be a character state that is conserved at a very deep hierarchical level in the Gram-positive lineage of eubacteria, the pattern of allosteric control for DAHP synthase in this phylogenetic group is conserved at much more shallow hierarchical levels. Thus, in A. laidlawii L-tyrosine is the major effector of DAHP synthase. In Bacillus DAHP synthase is feedback-inhibited by chorismate and prephenate through a mechanism of sequential feedback inhibition (Jensen & Nester, 1965) . In clostridial species, DAHP synthase is feedback-inhibited by L-phenylalanine (Jensen & Twarog, 1972) . In coryneform bacteria DAHP synthase is synergistically controlled by the combination of L-tyrosine and L-phenylalanine (Fazel et al., 1980) . Fox, G. E., STACKEBRANDT, E., HESPELL, R. B.,
